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A B S T R A C T 
A great part of existing RC structures built in Turkey is that they have been designed 
without considering seismic-induced actions and seismic criteria for strength and duc-
tility design. In this context, after the recent devastating earthquakes in Turkey, there 
has been a concerted effort to address the seismic vulnerability of existing public build-
ings in Turkey. The need for the evaluation and strengthening of these public buildings 
have come into focus following the enormous loss of lives and property during the past 
earthquakes. This study aims to assess the seismic performance evaluation of a typical 
school building in accordance with the rules of Turkish Earthquake Code-2007. The 
performance analysis is carried out by using nonlinear static analysis. The analytical 
solutions show that the intended performance level has not been satisfied for this build-
ing and decided to retrofit the structural system. The proposed procedure is applied to 
the retrofitted system and the obtained results are tabulated and discussed. 
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1. Introduction 
Earthquakes are of concern to cities in Turkey. Be-
cause many existing structures in this region are inade-
quate based on the current seismic design codes, it is im-
portant to assess these structures and improve the seis-
mic resistance of systems that are found to be vulnera-
ble. In general, buildings designed without seismic con-
siderations have significant deficiencies such as discon-
tinuity of positive moment reinforcement in beams and 
wide spacing stirrups. Besides the design deficiencies 
poor quality material and workmanship are the other 
important factors. 
The projects and the construction of existing public 
buildings that were built before 1998, were constructed 
in accordance with the regulations Turkish Building 
Code-1984, (TBC-1984) and Turkish Earthquake Code, 
(TEC-1975), which were in effect at that time. However, 
the earthquake and the construction regulations under-
went significant changes with the revisions made in 
1998, 2000 and 2007 (TEC-1998, TBC-2000, TEC-2007). 
The strengthening of existing public buildings in con-
junction with new contract specifications, thereby re-
ducing loses of life and property to a minimum in case 
of an earthquake has become one of the most important 
issues on the agenda of Turkish Government. In addition, 
a number of major earthquakes during the last two dec-
ades have underlined the importance of mitigation to re-
duce seismic risk. 
Seismic strengthening of existing structures is one 
method to reduce the risk to vulnerable structures. Re-
cently, a significant amount of research has been de-
voted to the study of various retrofit techniques to en-
hance the seismic performance of RC structures 
(ASCE/SEI 41-06, Eurocode 8, FEMA 356, and FEMA 
440). However, few studies have been conducted to as-
sess the seismic performance of representative concrete 
structures in Turkey using the criteria of Turkish Earth-
quake Code-2007 (TEC-2007). 
The accepted analysis procedures in the analysis in-
clude two types of linear elastic methods: equivalent lat-
eral force analysis and modal response spectrum analy-
sis, and two type of nonlinear methods: pushover analy-
sis, and non-linear time history analysis.  Since force 
based approaches have some shortcomings for seismic 
evaluation, displacement based design procedures are 
used. Linear-elastic methods have some shortcomings, 
since they aimed to provide a conservative estimate of 
building performance during an earthquake. Response 
of buildings to earthquakes is not typically linear; hence 
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convenient nonlinear analysis methods should provide a 
good representation of buildings’ response and perfor-
mance. When nonlinear methods are used, since perfor-
mance limits on permissible response are less-conserva-
tive than the linear elastic ones, lower construction costs 
may be fulfilled. Structural performance of the existing 
buildings are determined by applying nonlinear static 
procedures defined in most earthquake design codes; 
ATC-40, FEMA-356, Turkish Earthquake Code-2007 
(TEC-2007). 
 
2. Turkish Earthquake Codes 
The earthquake resistance consideration for building 
design in Turkey has a history of more than fifty years. 
Beginning as legal provision in mid 1940’s after a series 
of destroying earthquakes, Turkey’s earthquake code is 
developed to its present state in 2007 after a number of 
evolutionary revisions respectively in 1959, 1975, 1998. 
The final version of the code includes regulations on re-
pairing and retrofitting existing buildings (Chapter 7). 
Chapter 7 of TEC-2007 has many similarities to the new 
modern codes (ATC-40, FEMA-356, Eurocode 8, etc) con-
sists of linear and nonlinear methods to evaluate the 
seismic performance of existing buildings. 
 
3. Structural Properties of the Analyzed School 
Building 
Schools likewise the other buildings intended for gov-
ernmental services are generally constructed by applying 
template designs developed by the Ministry of Public 
Works. Therefore, a considerable number of buildings 
have the same template designs in different parts of Tur-
key. 
A field survey was carried out in the western part of 
Turkey to select the most common types of school build-
ings. These cities are located in a seismically active part 
of Turkey. According to the survey, a most common type 
of template design (TD-10419) for school buildings was 
selected to represent these public buildings in medium-
sized cities. 
This is a four-story school building with a plan area of 
613 square meters at the base. All floor slabs are rein-
forced concrete with a thickness of 0.2 m. The story 
heights are 3.4 m for each story. There exists no exact 
data about the roofing and the masonry partitions of the 
building. From the architectural drawing plotted at the 
time of construction, reasonable values are assumed for 
both in dead load and other calculations, considering 
probable changes made during the construction. 
The building has a typical structural system, which 
consists of reinforced concrete frames with masonry in-
fill walls of hollow clay brick units. The structural system 
is free of shear walls in longitudinal direction and com-
posed of shear wall-frame system in transverse direc-
tion. There are no structural irregularities such as soft 
story, weak story, heavy overhangs, great eccentricities 
between mass and stiffness centers. One of the possible 
deficiencies for this building designed per TEC-1975 is 
the strong beam-weak column behavior as it is not re-
garded by that code. Fig. 1 and Fig. 2 provide a typical 
floor plan and 3-D view of this case study structure re-
spectively.
 
Fig. 1. Typical structural floor plan view of the TD-10419 building. 
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Fig. 2. Three dimensional view of the TD-10419 building.
 
4. Analytical Modeling of the School Building 
4.1. Analytical modeling 
SAP2000 (CSI, 2003) is employed for the modeling 
and analysis of the structure. The building is modeled as 
3-D frame-shear wall system formed by beams, columns 
and shear walls. The joints connecting the base columns 
and shear walls to the foundation are restrained for all 
degrees of freedom. The calculation of the masses, dead 
and live loads are made according to the Turkish Stand-
ards for Reinforced Concrete (TBC-2000), Turkish 
Standards for Design Loads (TS-498) and TEC-1975. 
For nonlinear analysis, as-built material properties 
determined from field investigation and experiment are 
taken into account. Modeling properties of the investi-
gated building is tabulated in Table 1. 
Table 1. Structural properties of the investigated building. 
 TD10419 
Number of stories 4 
Story height (m) 3.4 
Floor area (m2) 612.5 
Total building weight (t) 3323 
Concrete Class C10, C16 
Steel Grade S220 
Stirrup spacing at the plastic 
hinge locations (mm) 
150 and 250 
X- period (s) 0.54 
Y- period (s) 0.24 
Mass participation ratios in  
x- and y-, respectively 
0.86 - 0.75 
4.2. Determination of nonlinear parameters 
Member size and reinforcements in the template de-
sign are used to model the school building for nonlinear 
analysis. The structural modelling is carried out with the 
beam, column and shear wall elements, considering the 
nonlinear behaviour concentrated in plastic hinges at 
both ends of beams and columns. SAP2000 provides de-
fault or the user-defined hinge properties options to 
model nonlinear behaviour of components. In this study, 
user-defined hinge properties are used. 
The definition of user-defined hinge properties re-
quires moment-curvature relationships for beams and 
columns and axial force moment capacity data for the 
columns are necessary for the SAP2000 input as nonlin-
ear properties of elements (Fig. 3). 
  
Fig. 3. Typical force deformation relationship. 
Mander model (Mander el al., 1988) is used for uncon-
fined and confined concrete while typical steel stress-
strain model with strain hardening for steel is imple-
mented in moment-curvature analyses. The input re-
quired for SAP2000 is moment-rotation relationship in-
stead of moment-curvature. Also, moment rotation data 
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have been reduced to five-point input that brings some 
inevitable simplifications. Plastic hinge length is used to 
obtain ultimate rotation values from the ultimate curva-
tures. Plastic hinge length definition given in Eq. (1) 
which is proposed by Priestley et al. (1996) is used in 
this study.  
𝐿𝑝 = 0.008𝐿 + 0.022𝑓𝑦𝑒𝑑𝑏𝑙 ≥ 0.044𝑓𝑦𝑒𝑑𝑏𝑙 . (1) 
In Eq. (1), Lp is the plastic hinge length, L is the dis-
tance from the critical section of the plastic hinge to the 
point of contraflexure, fye and dbl are the expected yield 
strength and the diameter of longitudinal reinforcement. 
In existing reinforced concrete buildings, especially 
with low concrete strength and insufficient amount of 
transverse steel, shear failures of members should be 
taken into consideration. For this purpose, shear hinges 
are introduced for beams and columns. Shear hinge 
properties are defined such that when the shear force in 
the member reaches its shear strength, member imme-
diately fails. The shear strength of each member (Vr) is 
calculated according to TBC-2000.   
𝑉𝑟 = 0.182𝑏𝑑√𝑓𝑐 + (1 + 0.07
𝑁
𝐴𝑐
) +
𝐴𝑠ℎ𝑓𝑦ℎ𝑑
𝑆
 . (2) 
In Eq. (2), b is section width, d is effective section 
depth, fc is concrete compressive strength, N is compres-
sion force on section, Ac is area of section, Ash, fyh and s are 
area, yield strength and spacing of transverse reinforce-
ment. 
 
5. Performance Evaluation of the School Building by 
Using Pushover Analysis 
In order to apply this method, TEC-2007 requires 
some limitations on the building height ad torsional ir-
regularity and the mass participation ratios for the first 
mode. Pursuant to TEC-2007, mass participation ratios 
must be greater than 70%. For the addressed building, 
this value is 86% in x-direction more than proposed. 
The pushover analysis consists of the application of 
gravity loads and a lateral load pattern. The applied lat-
eral forces are proportional to the product of mass and 
the first mode shape amplitude at each story level and P-
 effects are taken into account.  
In the capacity curve plots, base shear is normalized 
by building seismic weight on the vertical axis, while 
global displacement drift is normalized by building 
height on the horizontal axis. Capacity curves of the 
school building is obtained for different concrete strength 
and transverse reinforcement spacing mentioned in pre-
vious section; two concrete strength and two transverse 
reinforcement spacing values are taken into account. 
Two extreme cases are considered in order to have a 
more accurate understanding in the boundaries of be-
havior for the case study building with the considered 
template design. The first one represents the buildings 
in poor condition having poor concrete quality (10 MPa) 
with non-ductile detailing (250 mm transverse rein-
forcement spacing). The second one refers to the build-
ings in average condition having average concrete qual-
ity (16 MPa) with ductile detailing (150 mm transverse 
reinforcement spacing). Capacity curves corresponding 
to poor and average conditions are illustrated in Fig. 4 
for longitudinal (x) and transverse (y) directions. 
  
Fig. 4. Capacity curves of the building TD-10419 for dif-
ferent concrete strength and transverse reinforcement 
spacing obtained by pushover analysis. 
Evaluation of the capacity curves for the investigated 
building points out that concrete quality and detailing 
has significant role in both displacement and lateral 
strength capacity of buildings. The displacement capac-
ity for the average condition is more than twice of that 
for poor condition. 
5.1. Performance evaluation according to TEC-2007 
Capacity assessment of the investigated school build-
ing is performed using TEC-2007. Three performance 
levels, immediate occupancy (IO), life safety (LS), and 
collapse prevention (CP) are considered as specified in 
this code and several other international guidelines such 
as FEMA-356, ATC-40, and FEMA-440. 
Pushover analysis data and criteria of TEC-2007 are 
used to determine global displacement drift ratio of each 
building corresponding to the performance levels con-
sidered. Table 2 lists global displacement drift ratios of 
the building. Small displacement capacities at LS and CP 
performance levels are remarkable for the building with 
poor concrete quality and less amount of transverse rein-
forcement due to shear failures in columns (C10-S250). 
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The displacement capacity values are solely not 
meaningful themselves. They need to be compared with 
demand values. According to the Turkish Earthquake 
Code, school buildings are expected to satisfy IO and LS 
performance levels under design and extreme earth-
quakes, corresponding to 10% and 2% probability of ex-
ceedance in 50 years, respectively.  Response spectrum 
for the design and extreme earthquakes is plotted in Fig. 
5 for high seismicity region and soil class Z3. Displace-
ment demand estimates and capacities corresponding to 
IO and LS performance levels are compared.  
  
Fig. 5. Response spectrum for design and extreme 
earthquake events provided in TEC-2007. 
Displacement demand estimates are obtained (Table 
3) as described in TEC-2007. The results obtained show 
that school building does not provide IO in both direc-
tions whereas LS performance level is satisfied in y- di-
rection which means that the structural system should 
be strengthened. 
5.2. Performance evaluation according to TEC-2007 
As it is seen that existing structural system of the 
school building does not satisfy the expected perfor-
mance levels and it is decided to strength the structural 
system. For strengthening, shear walls are added to the 
existing structural system of the building. Six in x- direc-
tion and one in y- shear walls are added to the existing 
structural system (Fig. 6). The material classes for rein-
forced concrete shear walls are considered to be C25 
(fck=25 MPa) and S420 (fyk=420 MPa). 
The 3-D model of the new system is analyzed by 
SAP2000. The first and second mode periods in x- and y- 
directions are found to be 0.28 s and 0.19 s, respectively. 
As it is seen that the while the stiffness increases, funda-
mental vibration period decreases. Similar performance 
evaluation procedure for existing structural system is re-
peated for new system. Pushover curves for the new and 
existing are given in Fig. 7. 
Capacity assessment and seismic displacement de-
mand calculations are repeated for the new structural 
system according to TEC-2007 and the results are tabu-
lated in Table 4. 
Obtained results show that strengthened school 
building satisfies IO performance levels under the design 
earthquake and provides LS performance level under 
maximum earthquake.
 
Fig. 6. Structural floor plan view of strengthened TD-10419 building.
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Table 2. Global displacement drift capacities (%) of the in-
vestigated building obtained from capacity curves for con-
sidered performance levels. 
Material  
Quality 
Δroof/Hbuilding 
x-direction  y-direction 
IO LS  IO LS 
C10-S150 0.16 0.40  0.16 0.47 
C10-S250 0.16 0.19  0.14 0.36 
C16-S150 0.19 0.52  0.23 0.55 
C16-S250 0.17 0.25  0.21 0.51 
Table 3. Global demand drift ratios (%) of the investigated 
building according to TEC-2007. 
Δroof/Hbuilding 
x-direction  y-direction 
IO LS  IO LS 
0.76 1.15  0.28 0.46 
 
 
  
Fig. 7. Capacity curves of the strengthened school build-
ing obtained by pushover analysis.
Table 4. Comparison of global displacement drift capacities and global drift demand ratios of the investigated school 
building for considered performance levels according to TBC-2007(%). 
Material  
Quality 
Δroof/Hbuilding 
x-direction  y-direction 
IO LS  IO LS 
Demand Capacity Demand Capacity  Demand Capacity Demand Capacity 
C10-S250 0.38 0.38 0.60 0.97  0.21 0.24 0.36 0.36 
C16-S150 0.36 0.37 0.59 1.05  0.20 0.27 0.35 0.38 
 
6. Conclusions 
In this study, seismic performance assessment of an 
existing school building with the selected template de-
sign is studied according to TEC-2007. SAP2000 is em-
ployed for modeling and analyzing of the building. Exist-
ing structural system is evaluated by nonlinear methods 
to evaluate the performance levels. Analytical solutions 
have shown that the structural system of the school 
building does not satisfy the intended criteria in TEC-
2007. To strengthen the structural system, shear walls 
are added in x- and y- directions. In order to find the eco-
nomical solution for the new strengthening system, non-
linear analyses are repeated with different number of 
shear wall options. Performance evaluation for each anal-
yses result has been done for the new system and the most 
appropriate strengthened system is proposed. The follow-
ing conclusions can be drawn from numerical results: 
 
 Based upon site investigation and laboratory test re-
sults; two strength values, 10 and 16 MPa, are consid-
ered for concrete and Grade 220 considered for rein-
forcement in this study. 
 Two stirrup spacing values are considered as 150 and 
250 mm to reflect ductile and non-ductile detailing, re-
spectively. 
 Evaluation of the capacity curves for the investigated 
building points out that concrete quality and detailing 
has significant role in displacement and lateral strength 
capacity of buildings in both directions. Although the dif-
ference of poor (C10 and s250) and average (C16 and 
s150) conditions on lateral strength capacity is limited, 
the difference in displacement capacity is noteworthy.  
 Shear failures of columns are common problems in 
case of poor concrete and low amount of transverse re-
inforcement, resulting in brittle failure for existing 
school buildings. 
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 As material quality gets better, performance of build-
ings improves.  The displacement capacities obtained for 
different performance levels evidently indicates that 
concrete quality and transverse reinforcement spacing 
have limited effect on IO level while amount of trans-
verse reinforcement plays an important role in seismic 
performance of buildings for LS level. 
 According to TEC-2007, school buildings are expected 
to satisfy IO and LS performance levels under design and 
extreme earthquakes. The existing school building is far 
from satisfying the expected performance levels; there-
fore it is strengthened by adding shear walls in both di-
rections. After retrofitting desired performance levels 
are provided in both directions. 
 Addition of shear walls increases lateral load capacity 
and decreases displacement demands significantly. Thus, 
existing deficiencies in frame elements are less pro-
nounced and poor construction quality in buildings is 
somehow compensated (Bilgin, 2007). 
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